We study nuclear modification factors for single D meson and semileptonic decay lepton l (= e, µ) production in minimum bias proton-nucleus (pA) collisions at the LHC in the color-glass-condensate (CGC) framework at leading order in strong coupling. In our numerical computations, transverse momentum (k ⊥ ) dependent multi-point Wilson line correlators are employed for describing target nucleus for pA and proton for pp. The projectile proton is treated with unintegrated gluon distribution function, which is also k ⊥ -dependent. The rapidity evolutions of these functions in the small Bjorken x region are taken into account by solving running coupling Balitsky-Kovchegov (BK) equation at leading logarithmic accuracy. For simplicity, we employ Kartvelishvili's type fragmentation function and a simple model for lepton energy distribution from seileptonic decay, respectively, to compute differential cross sections for D and l production. The gluon saturation scale inside the heavy nucleus is enhanced and dependent on x, which we take into account by replacing the initial saturation scale in the BK equation with a larger value for the heavy nucleus. We show that the saturation effect leads to perceptible nuclear suppression of D production at forward rapidity. Our numerical results predict similar nuclear suppressions in pA collisions for forward l production at lower transverse momentum p ⊥ < 2 GeV. Numerical tables on the nuclear modifications of D and l are listed in this note.
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I. BACKGROUND
Exploring gluon saturation phenomenon inside the hadron has been an active research subject in nuclear physics. Coherence of gluons inside the hadron, which is responsible for the gluon saturation, stems from a dynamical competition between gluon bremsstrahlung and recombination at small values of Bjorken x [1, 2] . Importantly, the saturation dynamics becomes more noticeable when the heavier nucleus is taken as a scattering target instead of the proton, because the saturation scale Q s is enhanced by the coherence along the target thickness which is in proportion to A 1/3 with A atomic mass number. In order to describe this small-x part of the hadron and/or nuclear wavefunction incorporating the gluon saturation dynamics, the color-glass-condensate (CGC) framework has been elaborated over the last two decades [3, 4] .
At present, the CERN Large Hadron Collider (LHC) is one of the most powerful facilities and it provides us with the most energetic pA collisions as a good testing ground for the gluon saturation phenomenon. It is customarily assumed that secondary scatterings among the produced particles are less important in pA collisions, in contrast to heavy nucleus-nucleus (AA) collisions 1 . Therefore pA collision experiment is extremely beneficial to pin down the onset of the gluon saturation inside nucleus.
Observables for probing deep saturation regime in the wavefunction of heavy nuclei in high energy pA collisions include production of quarkonia/open heavy-flavor mesons at forward rapidity. These are gripping probes because the saturation scale inside the heavy nucleus becomes larger than the heavy quark mass scale. Heavy-flavor production in pA collisions have been also studied for quantifying initial-state nuclear effects, the so-called cold nuclear matter (CNM) effects [15] . Precise calibration of the observables taking account of the CNM effects is very essential, because in high energy AA collisions heavy-flavor production have been considered as invaluable external probes to examine properties of hot QCD matter.
Over the last few years, we have performed numerical calculations of quarkonium production [16] , open heavyflavor meson production [17] , and its decay lepton production [18] in pA collisions in the CGC framework. In the meantime, data on quarkonium production in pA/dA collisions have been accumulated and reported by RHIC and LHC experiments. Our prediction in the CGC framework showed a discrepancy with the data, and many theoretical attempts have been actively and carefully conducted to understand the LHC data more quantitatively [19] . On the other hand, unlike quarkonium production which involves bound-state formation dynamics at late stage, production of open heavy-flavor mesons may be treated with the fragmentation functions. Therefore, the initial-state gluon saturation effect can be investigated with less ambiguity. Although data analyses about open heavy-flavor production at the LHC, especially data at forward rapidity, have been ongoing yet, ALICE collaboration reported their result on semileptonic decay µ production at forward rapidity in pPb collisions [20] . For D meson production, preliminary but intriguing data by LHCb collaboration are available on-line [21] .
In Refs. [17] and [18] , we pointed out that heavy-flavor meson D and even its decay lepton l = e, µ produced in pA collisions at the LHC in the forward rapidity region carry important information on the gluons lying down in the saturation regime inside heavy nucleus. This implies that we may glimpse the saturation effect by data comparison with theory calculations. Therefore, now, it is very meaningful and important to prepare for comparisons between up-to-date numerical results in the CGC framework and the data currently available as well as upcoming, about heavy-flavor production in pA collisions at the LHC. This note is aimed at providing such comparisons.
This short note is organized as follows: In section II, the CGC framework for heavy quark production in pA collisions and the description of the fragmentation part for producing D and l are outlined. The differential cross section for single heavy-flavor meson D and lepton l production in the LO CGC framework can be written schematically as
where Ξ c represents short distance hard scattering part shown in Eq. (3), ϕ p is the unintegrated gluon distribution function of the projectile proton in Eq. (7), and φ A is the multi-point Wilson line correlator in the target given in Eq. (8) . D (11), respectively. ⊗ represents the relevant convolution integrals including constant factors. In our calculations, we take into account the rapidity or energy evolution effects which are embodied through the rapidity dependence of ϕ p and φ A using the running coupling Balitsky-Kovchegov equation (12) only. Then, the numerical results are presented in section III.
II. FRAMEWORK A. Heavy quark production
We briefly recapitulate the CGC formula for heavy quark production in pA collisions, p + A → Q(q) +Q(p) + X, where q and p are four momenta of a produced quark (Q) and antiquark (Q), respectively. In this note, we use the CGC formula which is formally valid only at leading-order (LO) in strong coupling constant, α s , but fully takes account of the saturation effects. We treat only the gluon fusion processes in the heavy QQ pair production because the gluon density inside the hadron/nucleus becomes much larger than the quark density at small x probed in highenergy scatterings. The gluon distribution inside the target hadron is described with the transverse momentum (k ⊥ ) dependent functions, in contrast to the case of collinear factorization framework where k ⊥ -dependence is suppressed. The differential cross section for producing a QQ pair in pA collisions can be written as [22] [23] [24] (see also [25, 26] )
where the large-N c approximation has been assumed. Ξ is the partonic hard scattering part and can be decomposed into Ξ = Ξ qq,qq + Ξ qq,g + Ξ g,g with
where
are longitudinal momentum fractions of the gluons from the projectile proton and target nucleus, respectively. From 2 → 2 kinematics, measurement of the produced QQ pair probes x 1,2 = (m q⊥ e ±yq + m p⊥ e ±yp )/ √ s with transverse mass m q⊥ = m 2 + q 2 ⊥ . ϕ p,x1 (k 1⊥ ) is the unintegrated gluon distribution function (UGDF) of the projectile proton, and φ A,x2 (k 2⊥ , k ⊥ ) is the multi-point Wilson line correlator for the target nucleus in the large-N c limit, which are given as follows:
S p⊥ (S A⊥ ) is effective transverse area of the proton (nucleus). In these formulas, we have assumed translational invariance in the transverse plane of the projectile and target, to factorize S p⊥ and S A⊥ explicitly. The Fourier transform of the fundamental dipole amplitude is defined as
is the fundamental Wilson line which represents multiple interactions with the gauge fields and a resultant gauge rotation occurring when a high-energy quark traverses through the background gluon fields at a transverse position x ⊥ . The differential cross section for single Q production is obtained by integrating the pair cross-section (3) over the phase space ofQ:
B. Fragmentation part
We adopt a heavy-quark fragmentation function for describing open heavy-flavor meson production. Hereinafter, we restrict our discussion to
where the rapidity is set to y ≡ y c = y D and the momentum fraction z is defined by p D⊥ ≡ zp c⊥ . We use the fragmentation function of Kartvelishvili's form [27] : D [28] does not make a substantial change of p D⊥ distribution of nuclear modification factor which we will discuss later. Br(c → D) is the branching ratio for the transition probability from c to D, and satisfies X Br(c → X) = 1 with X being possible heavy-flavor hadrons. Indeed, the branching ratio is not much important as long as we deal with the nuclear modification factor, since it is likely to cancel out in the ratio between the cross sections of pp and pA collisions.
Next, for describing semileptonic decay processes (e.g. D → Klν), we introduce the lepton decay function F as [29, 30] 
where we have defined F in the second equality. Here φ is the azimuthal angle between p D⊥ and p l⊥ , and p D · p l is the four-momentum product. The function f (E l ) is the energy distribution of the decay lepton l with energy E l in the rest frame of the heavy flavor meson:
497 GeV (Kaon's mass) and M D = 1.86 GeV (D meson's mass). We neglect the lepton masses here. The normalization factor reads ω = 96/[(1 − 8t 2 + 8t
We make a comment on the energy distribution of the decay lepton. f (E l ) employed in our calculations is a simple model and was used for describing free quark decay process like c → slν [30] . Nevertheless, as discussed in Ref. [30] , the energy distribution of lepton from heavy-flavor meson decay must be similar to that of lepton from free quark decay. Throughout this note, we assume this similarity in order to simplify our calculations.
C. Rapidity dependence
We incorporate the x dependence or quantum rapidity evolution of the UGDF (7) and the multi-point Wilson line correlator (8) . In the large-N c limit, these functions are written in terms of the fundamental dipole amplitude S x (r ⊥ ), and their rapidity dependence is encoded through S x (r ⊥ ). The rapidity evolution of S x (r ⊥ ) itself is controlled by the nonlinear Balitsky-Kovchegov equation [32, 33] with running coupling correction in the evolution kernel (rcBK):
Y = ln 1/x corresponds to the evolution rapidity. Specifically, we use the evolution kernel in Balitsky's prescription [34] which is given by
with r ⊥ = r 1⊥ + r 2⊥ the size of parent dipole prior to one step rapidity evolution. It is well known that global fitting of HERA DIS data below x 0 = 0.01 can constrain the initial condition of the rcBK equation with the following functional form:
. An example of the fitted parameters set is Q 2 s0,p = 0.1597 GeV, γ = 1.118, Λ = 0.241 GeV, and C = 2.47. The parameter a is an IR cutoff scale and chosen to satisfy α s (r → ∞) = 1.0. We use this set for describing the proton. For heavy nuclei, we assume a larger value of the initial saturation scale Q At large x ≥ x 0 , we simply adopt the extrapolation ansatz for (7) [16, 24] :
We also apply the same procedure to φ A,x (k ⊥ , l ⊥ ). We should discuss the numerical results which are insensitive to this large-x extrapolation.
III. REMARKS ON NUMERICAL RESULTS
In this note, we concentrate on nuclear modification factor which is defined as
Hereinafter, we regard p ⊥ and y as transverse momentum and rapidity of the produced D meson or the decay lepton l. Uncertainties of the cross sections coming from the input parameters including m c , S ⊥ , α s and the fragmentation part tend to cancel out by taking the ratio. Thus the CGC framework has a predictive power in describing the nuclear suppression of D meson and l production.
At asymptotically large p ⊥ we expect that the particle production occurrs incoherently to give R pA = 1, while our parametrization of the dipole amplitude will yield
. These are consistent with each other if γ = 1
Refs. [18, 31] . With γ = 1.118 and Q s0,p , it gives R A = 9.79R p and 6.64R p , respectively. One should note that these effective values of R A are introduced just to keep the constraint that R pA → 1 at large p ⊥ .
Let us move to numerical results predicted in the CGC framework at LO. Figure 1 displays R pA as a function of p ⊥ for Dmeson production at mid and forward rapidities at the LHC. It also exhibits the dependence of R pA on the initial saturation scale of the target nucleus and on the choice of heavy quark mass. The numerical values of R pA (p ⊥ ) are listed in Tables I, II , and III. In the plot at mid rapidity, the LHC data reported by ALICE Collaboration [37] are compared, while the LHCb preliminary data [21] Fig. 2 R pA (p ⊥ ) of the produced leptons l from semileptonic decay of D mesons at mid and forward rapidities at the LHC. We allow a variation for the initial nuclear saturation scale and heavy quark mass scale to estimate the model uncertainty. Lepton production in pA collisions at forward rapidity is strongly suppressed at p ⊥ < 2 GeV as well as D meson production, although further low-p ⊥ data are required to examine the suppression quantitatively. The numerical values of R pA for the lepton production are listed in Tables IV, V, and VI. The LHC data of e production at mid rapidity and µ production at forward rapidity are taken from Refs. [37] and [20] , respectively.
Next, rapidity dependence of R pA for D and l production integrated over p ⊥ up to p ⊥ = 10 GeV is shown in Fig. 3 . The numerical values of R pA vs. y for D and l production are given in Tables VII and VIII, respectively. At present, the preliminary data for D meson production are available from LHCb experiment [21] . It is very awaited to get new data on rapidity dependence of R pA (y) of decay lepton production.
Finally, one must keep in mind the following remarks for interpreting our numerical results:
• The CGC formula used in our calculation is derived at LO, while the rcBK equation is adopted for describing the rapidity evolution of the dipole amplitude. The full NLO BK equation containing gluon loop corrections in the evolution kernel [38, 39] should modify rapidity dependence of the heavy quark production cross section from the rcBK. In addition, higher order perturbative corrections, including the Sudakov logarithms, may be non-negligible. To this end, full NLO CGC formula of heavy quark production in pA collisions is necessary.
• In partonic hard scattering at LO, QQ pair with finite p ⊥ is likely to be produced in nearly the back-toback kinematics, where their total momentum (q tot ) can be much smaller than their relative momentum (P rel ): |q tot | |P rel | ∼ |M | with M being the invariant mass of QQ. This is the very case for the study with transverse momentum dependent (TMD) factorization framework. We naively expect that double logarithmic corrections like α s ln
∼ O(1) become important and we can resum them by means of CSS evolution in b-space [40, 41] . As is demonstrated in Ref. [42] , the Sudakov effect can be predominant over (or comparable with) the saturation effect for heavy quark pair production in pp (pA) collisions. For single heavy quark production, the phase space of produced antiquark is integrated including the small momentum region. Therefore, implementation of the Sudakov factor in the CGC framework would modify p ⊥ spectrum of single heavy quark production.
• Our calculations have been restricted to minimum bias events in pA collisions. But centrality dependence is certainly an interesting observable to study the gluon saturation inside a heavy nucleus from experimental data of heavy flavor productions as well as light hadron production. To work on this, it is required to use a consistent approach which describes the nuclear profile and fluctuation effects in pA collisions. [43] .
We leave these issues for future study. 
Nuclear modification factor for l production in pPb collisions at the LHC. Notations are the same as in Fig. 1 . LHC data are from Refs. [37] and [20] . Mid (−0.965 < y < 0.035) Forward (2.5 < y < 4.0) Table VII. 
